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ABSTRACT 
 The EcoCAR challenge is a three year competition with a goal of re-engineering a 
2009 General Motors crossover utility vehicle to improve vehicle emissions and fuel 
economy, while maintaining drivability and consumer acceptability.  Ohio State’s team 
has selected a plug-in hybrid electric vehicle (PHEV) architecture with a 1.8 L CNG 
Honda engine as the auxiliary power unit.  The Honda engine is converted to run on E85 
fuel, which requires the engine control software to be rewritten.  The purpose of this 
research is to write a feed forward air/fuel ratio (AFR) control algorithm to better manage 
fuel injection during transient engine events.  AFR control has a major impact on engine 
fuel economy and tail pipe emissions.  This research investigates the accuracy of using a 
dynamic intake manifold filling and emptying model coupled with a linear approximation 
of the Taylor Series expansion to predict air flow forward in time.  To better estimate air 
flowing passed the throttle plate and into the intake manifold, a quasi-static effective area 
map of the throttle was created.  The control algorithm uses the throttle effective area 
map to improve the accuracy of air flow estimation into the intake manifold because the 
MAF sensor is not a reliable flow meter during transient engine events.  It also uses a 
feed forward volumetric efficiency map to predict mass air flow exiting the intake 
manifold.  It was found that by using feed forward control software and empirical engine 
maps to predict manifold air pressure forward in time, a better estimate of mass air flow 
entering the cylinder was achieved.  The creation of this software allows the EcoCAR 
vehicle to better maintain a stoichiometric AFR during transients, which reduces tail pipe 
emissions species, including NOx, CO, and unburned Hydrocarbons. 
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CHAPTER 1:INTRODUCTION 
 
1.1. Introduction 
 With the high cost of gasoline and talk of green technology in everyday 
conversation, it is no secret that modern automotive engineers are researching solutions 
to these problems.  The transportation industry consumes about 1/3 of all energy 
produced, and ninety percent of the energy used in the transportation industry is tied to 
petroleum. Improving engine technology can help shift the transportation industry away 
from oil dependence.  Hybrid electric vehicles (HEVs) were introduced to the global 
economy in the late 1990s and use sophisticated technology to increase fuel economy and 
reduce emissions.  HEVs incorporate multiple power sources in order to improve 
efficiency, performance, and emissions.  This technology is currently being researched by 
all of the major car companies and most have HEVs in production. 
 EcoCAR is a North American competition in which engineering students across 
the country at select universities are challenged to reduce the fuel consumption and 
minimize the greenhouse gas emissions while sustaining the vehicles safety and 
performance.  The EcoCAR engineering team has selected a plug-in hybrid electric 
vehicle (PHEV) architecture for the competition.  A PHEV has an electric drive train on 
board, which will allow the car to travel 30-40 miles on a single charge.  Li-Ion batteries 
will supply power to the electric drive train.  If the driver must exceed the range of the 
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battery pack, an auxiliary power unit (APU) is equipped.  For EcoCAR, the APU selected 
is a natural gas engine that has been converted to run on E85 fuel, a mix of 85% ethanol 
and 15% gasoline.  The EcoCAR team is going to take advantage of the natural gas 
engine’s high compression ratio to increase the engine efficiency.  By using E85, the 
automobile will reduce the petroleum consumption and emissions when the APU is 
needed because of the use of renewable bio-ethanol. 
 In advanced automotive technology, modeling and simulation techniques must be 
applied to write control software of complex systems.  In this case, the system is a 1.8 L 
Honda engine.  Transient air flow phenomena is particularly difficult to model and 
control because internal combustion engines are a dynamic environment. It is important 
to be able to model air flow characteristics because vehicle performance and tail-pipe 
emissions are directly related to air flow control.  The engine controller must know 
precisely the amount of air flowing into the cylinder in order to make decision on how 
much fuel to inject.  In order for maximum torque and minimal tailpipe emissions to be 
produced, tight tolerances must be met on the air-fuel ratio.   
1.2. Project Objective 
 This project will develop a control algorithm to analyze the air dynamics during 
transient engine operation. AFR control is difficult during transients because a fuel 
injection request must be made before the start of the intake stroke.  This means that the 
mass air flow entering the cylinders must be predicted a finite amount of time before  fuel 
injection occurs. During transients, prediction is particularly troublesome, and this paper 
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will address a control algorithm that provides a more accurate estimate of air flow exiting 
the intake manifold.  This control algorithm will ensure that the engine controller injects 
the correct amount of fuel to achieve the correct air to fuel ratio, AFR, thus producing the 
minimal amount of emissions.  The emissions characteristics are extremely sensitive to 
the AFR in spark ignition engines because three-way catalysts are only effective when a 
stoichiometric AFR is maintained, which is why proper control is critical over the 
engine’s entire operating range. A feed forward control algorithm will predict the amount 
of air entering the engine based on sensors that can sample fast enough to capture the 
dynamics of the intake manifold. This will allow for tighter control on AFR  
1.3. Literature Review 
 Flow characteristics of the engine induction system create dynamics in the 
overall engine breathing process.  The intake manifold is composed of several 
features that add to the complexity of the fluid flow.  Each intake manifold is unique 
to the engine for which it was built, but the same basic principles apply the analysis 
of flow within the intake.   Particular design constraints must be studied and 
implemented to obtain acceptable volumetric efficiency for the induction process.  
Fuel and air interaction is particularly important in the intake manifold in port 
injection engines because the flow rate of the air traveling through the intake must 
be monitored continuously to determine the correct quantity of fuel to inject in 
order to maintain a stoichiometric air-fuel mixture.  Air flow is measured and 
predicted with the aid of sensors and modeling techniques in the engine control unit 
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(ECU).  Complexity in air flow metering arises because of flow losses inside the 
intake manifold attributed to geometry changes, such as bends and orifices, 
boundary layer separation along the wall, and time delay filling and emptying 
processes that occur in the intake plenum.   
 The purpose of the intake manifold is to induct an air and fuel mixture in to 
the combustion chamber of the engine.  The mixture must meet several parameters 
in order to ensure proper combustion.  In order to maintain the correct air to fuel 
ratio, both air flow and fuel flow must be metered.  The intake manifold has multiple 
parts that contribute to the overall engine breathing process, and each element is 
responsible for a specific fuel or air associated task.  Design strategies vary from 
engine to engine, but the same principles govern the manifold layout.  The air 
flowing into the engine must be measured to predict the correct amount of fuel to 
inject into the port.  Every component of the intake system must perform 
synchronously to maintain torque, fuel economy, and emissions properly.  
 The air flow path is shown in Figure 1. Air enters the intake manifold upstream of 
the throttle plate.  The amount of air that enters the intake manifold is governed by the 
throttle.  Once passed the throttle plate, air collects in the intake plenum, then is fed into 
each of four intake runners, where air can finally mix with fuel beyond the fuel injectors 
and enter the cylinders. 
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Figure 1: Cross-section view of intake manifold (Heywood) 
 
1.3.1 Throttling Characteristics 
 The intake manifold is responsible for inducting an air-fuel mixture into each 
of the cylinders of the engine.  The manifold pressure, which is controlled by the 
throttle plate, as well as engine speed, dictates the amount of air that will enter each 
runner.  The relationship between intake manifold pressure, throttle angle, and air 
flow rate is shown in Figure 2.  The pressure differential across the throttle plate is not 
dependent only on plate angle, but fluid flow characteristics, such as Reynolds number 
and flow losses due to geometric changes in the branches of the intake, make the pressure 
drop difficult to predict during transients(Heywood). The non-linear relationship between 
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mass flow rate of air, manifold pressure, and throttle plate angle is shown in Figure 2.  As 
the throttle angle increases, smaller changes in mass flow rate of air is achieved, but at 
low throttle positions, small fluctuations in throttle position can have a significant impact 
on the air mass flow rate. 
 
Figure 2:  Air flow rate as a function of intake manifold pressure and engine speed 
(Heywood) 
 During transient engine events, the mass flow rate of the incoming air cannot be 
measured directly with flow metering devices, such as a mass air flow sensor (MAF).  
The dynamic response of the flow meter cannot characterize the true response of the 
environment at which the air is flowing; therefore, a flow restriction model can be 
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implemented to calculate the air mass flow rate based on throttle position and engine 
speed.  To account for the non-linear relationship between the air mass flow rate, engine 
speed, and throttle position, the throttle can be described empirically by creating a 2-
dimensional look-up table of discharge coefficients. The discharge coefficients can be 
calculated using compressible fluid flow equations through a converging-diverging 
nozzle, which are characterized in equations (1.1) and (1.2) (Heywood).  
 Because the effective area of the throttle changes with throttle position, it is 
convenient to couple the flow discharge coefficient, CD, and the working area of the 
throttle, Ath, instead of calculating each independently.  The throttle acts as a converging-
diverging nozzle; therefore, it is important to check if the critical pressure ratio, 0.528, is 
exceeded.  If the relationship between the downstream and upstream pressures is above 
the critical pressure ratio, the mass air flow is dependent on the upstream and 
downstream pressure.  If the relationship is below the critical ratio, flow become choked 
and the mass air flow is independent of pressure.  Equations (1.1) and (1.2) can be solved 
using steady state experimental data because air mass flow rate,     ,  can be measured 
directly with the MAF sensor, as well as, intake air temperature, To, manifold air 
pressure, PT, and atmospheric pressure, Po. The specific heat capacity ratio, γ, and ideal 
gas constant for air, R, are assumed to be 1.4 and 287.05 J/kg-K, respectively.   
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1.3.2 Volumetric Efficiency 
 Once air is beyond the throttle and a calculated mass air flow is known, a 
performance parameter, volumetric efficiency, can then be used to determine how much 
air is exiting the intake manifold into the combustion chambers.  Volumetric efficiency, 
shown in  can be defined as the  volume flow rate of air in the intake manifold  divided 
by the rate at which volume is displaced by the piston (Heywood).  Referring to (1.3), 
volumetric efficiency is the ratio of air entering the intake manifold to air exiting the 
intake and be used in combustion.  The 2 indicates that there are two revolutions per 
combustion events,    is the mass flow rate of air into the intake system,      is the 
density of air entering the engine, Vd is the displacement volume of the engine, and N is 
the engine speed.  
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 For this project, the volumetric efficiency map is known for the Honda 1.8 L 
engine used in this study from previous research by Jonathan Davis.  This particular 
engine has several unique features and the settings for those features should be noted.  
There is an intake tuning valve that allows air to flow along a long or short intake runner 
length (Watanabe, Nakajima and Goto).  The runner length is adjusted by opening or 
closing a tuning valve.  Optimum induction can be achieved by closing the bypass valve 
for low engine speeds and opening the bypass valve at high engine speeds (Watanabe, 
Nakajima and Goto).  Figure 3 shows the motion of the bypass valves.  Shortened runner 
lengths are advantageous at higher engine speeds than are going to be used by the vehicle 
in which this engine will be implemented and was not studied.   
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Figure 3: Variable length intake runner system (Watanabe, Nakajima and Goto) 
 A second feature this engine has is cam phasing.  The intake cams can be set to a 
high output setting or a delayed closure setting. Figure 4 shows the lift profiles of the two 
cam settings.  The high output cam functions synchronously with engine events, which 
opens at the start of intake stroke and closes at the start of the compression 
stroke(Watanabe, Nakajima and Goto). The delayed closure setting keeps the intake cams 
open for a period of time during the compression stroke allowing more air to enter the 
cylinder by taking advantage of the inertia of the incoming air(Watanabe, Nakajima and 
Goto).  In Jonathan Davis’ previous research, it was found that the most efficient 
combination of settings was using the long runner length and high output cam setting 
(Davis).  
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Figure 4: Lift profiles for high-output and delayed closure cam settings (Watanabe, 
Nakajima and Goto) 
 The volumetric efficiency map for long runner length and high output cam 
settings is shown in Figure 5. For this particular study, volumetric efficiency was a two 
degree of freedom engine parameter.  It varies with both engine speed and manifold air 
pressure (load).  Volumetric efficiency increases with both engine speed and load.  From 
Figure 5, it can be seen that running the engine at low load is undesirable from a 
volumetric efficiency perspective because at all engine speeds, the intake manifold is less 
than 60% efficient a inducting air into the combustion chamber.  
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Figure 5: Volumetric efficiency vs. load and engine speed contour plot (Davis) 
 The volumetric efficiency data can be sorting into a 2-dimensional lookup table 
and be used as a feed forward air flow control for the engine controller.  The controller 
would use this feed forward control to determine the exact amount of fuel to inject in 
order to maintain a stoichiometric air-fuel ratio.  The 2-dimensional lookup would be 
similar to what is shown in Figure 6. 
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Figure 6: Volumetric efficiency vs. load and engine speed surface plot (Davis) 
1.3.3 Intake Manifold Air Flow Characteristics 
 Air flow characteristics are important to the overall function of the intake 
manifold because it impacts the combustion process, which directly affects brake torque 
and emissions.  A combination of experimental and analytical techniques is used in the 
calibration of an accurate air flow model.  In order to predict the amount of fuel the 
injector must supply to the incoming air, the mass flow rate of the approaching air must 
be known (Heywood).  Several different modeling techniques are used to characterize 
compressible fluid flow in the intake manifold.  
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 Fluid dynamic phenomena can be classified into different categories of models.  
Each category has advantages and disadvantages. The highest fidelity model is a 3-D 
model that is created using computational fluid dynamics methods to describe complex 
flow behavior. This type of model requires the most computation time and space because 
it describes every detail of fluid flow in 3 dimensions including, turbulence, back flow, 
and dissipation (Rizzoni, Fiorentini and Canova, Engine Dynamics Introduction). Wave 
dynamics models are 1-D in space. These models assume homogenous motion in 2 
dimensions, but are still robust enough to describe flow properties such as wave 
propagation.   The volumetric efficiency map takes into combines 1-D and 3-D 
complexities into a single, lumped parameter at a given engine speed and manifold 
pressure.  These models are useful in a research setting, but are too computationally 
intense for the ECU. 
 The manifold filling and emptying dynamics can be characterized in a 0-D 
lumped parameter model. O-D indicates that the model does not describe flow in any 
dimension of space, just what enters and exits the control volume. Figure 7 shows the 
relationship of computation time and dimensions in space for each type of model. The 
filling and emptying model is useful because it can be implemented on the embedded 
controller and used to make fueling decisions in real time. 
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Figure 7: Fluid dynamic models of the intake manifold (Rizzoni, Fiorentini and Canova, 
Engine Dynamics Introduction) 
 Multiple sensors can be used within the intake manifold to provide flow results to 
the engine controller.  The mass air flow (MAF) sensor measures the flow rate of the air 
entering the intake manifold
 
(Heywood).  Alternatively, a manifold absolute pressure 
(MAP) sensor can be used to measure air flow. The MAP sensor provides instantaneous 
pressure readings to the ECU (Midlam-Mohler). During transients, the MAF sensor has 
difficulty adjusting to the quick pressure changes because of the motion of the throttle 
plate; therefore, it provides inaccurate flow readings during these events and another 
source for flow measurement must be used. The throttle model discussed in section 1.3.1 
addresses error caused by the MAF sensor by relating throttle position and manifold 
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pressure to a mass flow rate passed the throttle.  The MAP sensor has a faster response 
and can be used to accurately measure manifold air pressure continuously, but does not 
provide mass air flow directly. Indirectly the MAP sensor can be used with an analytical 
model to calculate the mass air flow instantaneously.   
 Dynamics in air flow is caused due to filling and emptying of the intake plenum.  
Since the intake manifold has a finite volume, it stores air intended for the combustion 
process (Midlam-Mohler). The storage process can be characterized by relating the 
change in pressure to the mass air flow entering the intake manifold.
 
 Analytical models 
have been developed to compensate air flow dynamics in the intake system.  The filling 
and emptying model, like all other models, require some very basic assumptions. The 
first is that the air entering is an ideal gas.  To simplify the derivation, temperature is 
assumed to be uniform throughout the air mixture.  The filling and emptying model takes 
the intake manifold as control volume with constant pressure and temperature. A mass 
balance is then performed on the control volume that adheres to the mass conservation 
principle (Heywood). With these assumptions, the filling and emptying model can be 
derived and simplified down to equation (1.4) . Appendix A: Filling and Emptying Model 
Derivation shows the derivation of the speed filling and emptying model.
 
    
  
 
      
   
       
   
    
    (1.4) 
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 The filling and emptying model allows the mass flow rate of the air to be 
predicted by measuring pressure readings from a MAP sensor.  The volumetric 
efficiency, ηv, of the engine can be determined by experimental testing, and all other 
variables are specific to the individual engine, like Vd and Vim, or are known 
quantities specific to the load conditions, Tim and N.  This model will assist the 
engine controller in predicting the amount of fuel to inject to each port in order to 
maintain regular combustion in the cylinder based on the estimated amount of air 
flowing into the intake runners. 
1.3.4 AFR Control 
 Manifold filling dynamics is a challenge for AFR control.  The purpose of AFR 
control is to maintain stoichiometry between the mass of air and fuel entering the 
combustion chamber.  This is important because if stoichiometry is not achieved, the 
catalytic converter will not be able to oxidize or reduce harmful exhaust emissions into 
inert gases. Modern engine controllers use feedback and feed forward control strategies 
to achieve stoichiometry.  Figure 8 shows the control diagram for the fueling system.  
This paper focuses only on the feed forward fuel control component of the overall  fuel 
control strategy, which is highlighted in red. 
 Figure 9 shows the flow path of the air/fuel charge in an engine.  Delays in 
several components of the system increase complexity in AFR control for port fuel 
injection engines. A lambda, λ, sensor is a pre-CAT Universal Exhaust Gas Oxygen, 
UEGO, sensor that measures the oxygen content of the exhaust gas to determine the 
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AFR. The λ sensor measures AFR 2-20 ms after combustion takes place; therefore, no 
control reaction can take place until this transport delay has  been completed (Chevalier, 
Vigild and Hendricks).  Feedback control from the λ sensor can help tightly manage AFR 
when the engine runs at steady state, but due to the transport delay of the charge, transient 
AFR control cannot be addressed with a feedback strategy.  
 
Figure 8: Control diagram for fuel system 
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Figure 9: Flow path of air/fuel charge and AFR control delays (Chevalier, Vigild and 
Hendricks) 
 Modeling the dynamics of the intake manifold can be used to predict the manifold 
air pressure at some time in the future. The pressure is predicted by using the speed 
density equation to examine the rate of pressure change, dP/dt, in the intake manifold.  
The rate pressure change can then be related to a future manifold air pressure using an 
Euler approximation with a discrete time step (Chevalier, Vigild and Hendricks). 
Equation (1.5) shows this approximation, where Ts is the time step. The prediction of 
manifold pressure can be related to the mass air flow with the use of the volumetric 
efficiency map described previously.  Assuming that the engine speed is constant and 
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knowing the pressure at some time step in the future, the engine controller can lookup 
instantaneous volumetric efficiency.  The mass air flow into the combustion chamber can 
then be calculating from equation (1.3).  The predicted mass air flow can then be related 
to a fuel mass flow rate through equation (1.6). For E85, the stoichiometric AFR is 9.87.  
Maintaining stoichiometry enhances emissions and torque characteristics, which is why 
AFR control is so critical in modern SI engines. 
                
       
  
   (1.5) 
    
   
   
 (1.6) 
 
1.3.5 Tailpipe Emissions 
 Tailpipe emissions have become a growing concern over the last three decades.  
Since the change to port-fuel injection, automotive engineers have investigated ways of 
reducing harmful exhaust gas emissions, including carbon monoxide (CO), unburned 
hydrocarbons (HC), and nitrogen oxides (NOx).  Three-way catalysts have become the 
standard for converting harmful emissions into inert exhaust gases through oxidation and 
reduction reactions in the exhaust pipe(Heywood). 
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Figure 10 shows the engine out, pre-cat, emissions of a  2.4 L gasoline, spark-ignited 
engine.  Data was taken by varying the closed-loop, post-cat oxygen sensor enabled, 
fuel/air equivalence ratio and time averaging steady state data for 30 second increments.  
The emissions characteristics were measured with a Horiba exhaust gas analyzer. NOx 
emissions increase as the equivalence ratio decreases. On the other hand, HC and CO 
emissions increase as the equivalence ratio is increased; thus, the best balance of engine 
out emissions is achieved if the air/fuel ratio (AFR) stays at stoichiometry, or an 
equivalence ratio of 1. Similar results are expected for E85 as a fuel source, rather than 
gasoline. 
 
Figure 10: Engine out emissions for 2.4 L gasoline engine 
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Figure 11 shows the catalyst conversion efficiency of NOx, HC, and CO emissions.   
Three-way catalysts are more than 80% efficient at converting harmful exhaust emissions 
if a tight air/fuel ratio tolerance about stoichiometry is achieved.  If AFR deviates too 
much from the stoichiometric relationship, catalyst conversion efficiency drops 
significantly.  This plot is specifically for gasoline as a fuel source, but similar principles 
apply for E85.  The stoichiometric AFR for E85 is 9.87.  During transient engine 
operation, it is especially difficult to control AFR because the amount of air entering the 
combustion chamber cannot be measured directly. Rather, it must be predicted with 
sophisticated control software using the filling and emptying model. 
 
Figure 11: Catalyst conversion efficiency for NO, CO, and HC emissions for a three-way 
catalyst as a function of air/fuel ratio for gasoline (Heywood)  
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1.3.6 Summary  
 Feed forward air prediction is necessary in port fuel injection engines to minimize 
tailpipe emissions. Air flow in the intake manifold cannot be directly measured during 
transient engine events because a mass air flow meter cannot characterize the transient 
response of air flow fast enough. The filling and emptying analytical model develops a 
relationship between a measurable parameter, manifold pressure, to mass air flow exiting 
the intake manifold. This model requires empirical maps of the volumetric efficiency and 
throttle effective area, CdA, over the engine’s entire operating regime to be effective. 
Since fuel injection must be made before air is inducted into the cylinder, the flow rate of 
air must be estimated.  The estimation can be made using a control algorithm that 
combines the filling and emptying model and the Euler Approximation to calculate 
manifold pressure at a discrete time in the future. This control algorithm will help reduce 
emissions and improve transient torque response. 
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CHAPTER 2: EXPERIMENTAL DESCRIPTION 
 
 The Center for Automotive Research at The Ohio State University provided the 
facilities used for the research conducted in this project.  The research was conducted in 
an engine dynamometer test cell.  The dynamometer used was a 200 hp, four-quadrant 
DC motor.  The dynamometer was used for speed control of the engine and would absorb 
the load from the engine to maintain constant engine speed.  For engine control, a rapid 
prototyping, 128-pin Woodward engine control unit (ECU) was used.  The rapid 
prototyping capability allowed engine control software to be modified with 
MATLAB/Simulink programming software.  Motohawk Control Solutions provided a 
software package to be used in Simulink to communicate with the Woodward hardware.  
The engine used was a 1.8 L compressed natural gas (CNG) spark-ignition engine with a 
compression ratio of 12.5:1.  The engine was converted to run on E85 ethanol, which is 
why rapid prototyping engine control software had to be written.  The testing facility  was 
also equipped with a Horiba exhaust gas analyzer that can to measure CO, NOx, O2, HC, 
and CO2 emissions. 
2.1. Engine Instrumentation 
 The Honda engine is equipped with a wide range of sensors, some for fault 
detection, while others are for engine control.  Table 1 shows the relevant sensors used 
for the purpose of this research project.  ETAS provided data acquisition systems for the 
sensors to communicate with the control laptop.  
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Table 1: List of sensors used for this research project 
ECU Sensors 
1 Crank Shaft Position Sensor 
2 Manifold Air Pressure (MAP) Sensor 
3 Mass Air Flow (MAF) Sensor 
4 Intake Air Temperature (IAT) Sensor 
5 Throttle Position Sensor (TPS) 
6 Engine Coolant Temperature (ECT) Sensor 
7  Pre-CAT UEGO Sensor 
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Figure 12: Location of crank encoder 
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Figure 13: Location of MAP sensor, MAF sensor, IAT sensor, and TPS 
 
Figure 14: Location of Pre-CAT UEGO sensor 
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 Figure 12, Figure 13, and Figure 14 show the location of some of the relevant 
sensors used for this project. The number associated with the arrow in each figure 
correlates to the sensor information shown in Table 1.  The intake manifold dynamics can 
be modeled using the crankshaft position sensor, MAP, TPS, and IAT. Validation of the 
model is done using the pre-CAT UEGO. 
2.2. Data Acquisition System and Software 
 Several types of software were used to complete this project. The software reads 
data from the engine with multiple types of data acquisition equipment.  ETAS modules, 
ES410, ES411, and ES420 were used to monitor data from sensors.  The ES410 module 
is an 8 channel analog unit.  The ES411 is an 8 channel analog unit with sensor supply 
voltage.  The ES420 module is an 8 channel unit for thermocouples. The ETAS modules 
are connected together and the final signal bus is sent to the control laptop with an ETAS 
custom Ethernet cable. 
 Control software for the Woodward rapid prototyping ECU was written in 
MATLAB/Simulink using a Motohawk Control Solutions block set. Simulink uses a 
block diagram approach to write software. The Motohawk block set allows tunable 
variables to be implemented in the control software and be updated during engine 
calibration in Mototune or INCA.  Mototune was used to create distinct engine controller 
calibrations and flash the control software onto the Woodward ECU.  This program 
populates the engine control software written in Simulink with tunable calibration 
parameters.   
 29 
 Inca, produced by ETAS, is used to record live engine test data and monitor 
relevant engine parameters while the engine is running.  The operator laptop is equipped 
with a PCMCIA card that allows for communication with the Woodward ECU.  
Communication is conducted via the CAN Calibration Protocol network.  This allows the 
engine tester to adjust parameters such as, throttle position and fuel injection timing.  It 
also allows the engine operator to monitor parameters like exhaust gas temperature and 
oil pressure for fault detection and safe engine operation regulation. Because INCA is 
produced by ETAS, communication with the previously mentioned data acquisition 
modules  is convenient and effective.  INCA provides an interface for users to develop 
plots to study trends over time or monitor live data. 
2.3. LE5 MVEM 
 A  0-dimensional mean value engine model (MVEM) was used to test the 
feasibility and accuracy of the transient air prediction software developed in this project.  
The MVEM was developed by Dr. Kenneth Follen using MATLAB/Simulink.  The 
model is of a GM’s LE5, Eco-Tec engine, which is a 2.4 L, inline 4 cylinder, gasoline 
engine.  The model uses experimental data and physical models to simulate the throttle 
body, intake manifold and volumetric efficiency, fuel transport dynamics, and torque 
production from the cylinders(Follen). Figure 15 shows the implementation of the  
MVEM in Simulink. Although the specifications of the engine are different from that of 
the Honda 1.8 L engine used in this study, the LE5 MVEM was very useful in developing 
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a prototype for the air prediction software.  The software was used to validate that the 
speed density model can effectively approximate the manifold air pressure.  
 
 
 
Figure 15: 0-D Simulink MVEM (Rizzoni, Fiorentini and Canova, Engine Dynamics 
Introduction) 
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CHAPTER 3: INTAKE MANIFOLD MODELING 
 
3.1. Introduction 
 The intake manifold is a dynamic environment that can be modeled using several 
sets of equations and empirical data models.  The overall intake manifold model begins 
with the throttle plate, where air enters the intake manifold, and ends with the intake 
valves, where air exits the intake manifold and enters the combustion chamber.  Figure 16 
shows the layout of the engine intake system.  A flow restriction model, CDA map, of the 
throttle plate is used to determine how much air flows passed the throttle, instead of 
measuring the air directly with the MAF sensor. A calculated mass flow rate is used in 
place of a measured value because during transient engine events, such as a throttle 
position change or engine speed change, the MAF sensor cannot accurately measure the 
air flow rate. 
 A volumetric efficiency model is used to describe the effectiveness of the air 
induction process. This is necessary because not all of the air entering the intake is 
inducted to the engine, which is described by the volumetric efficiency parameter.  The 
manifold dynamic equation combines the flow restriction model and the volumetric 
efficiency model into an overall intake manifold model to describe the change in 
manifold air pressure, which is shown in Eq. (3.1). Characterizing the intake manifold 
pressure allows the mass flow rate of air exiting the intake ports to be calculated at any 
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given time, which provides a more accurate estimate of the correct amount of fuel to 
inject.  
    
  
 
      
   
       
   
    
    (3.1) 
 
 
Figure 16: Intake system schematic (Rizzoni, Fiorentini and Canova, Engine Breathing 
Dynamics) 
3.2. Throttle Flow Restriction Model 
 To develop a flow restriction model for the throttle plate, techniques described in 
section 1.3.1 were used. The mass flow rate of air flowing passed the throttle can be 
characterized by equations (1.1) and (1.2).  The pressure ratio of manifold air pressure to 
ambient air pressure determines which equation is valid. Section 2.1 discusses the 
locations of the all sensors needed for the purposes of this project.  For the flow 
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restriction model, the MAF sensor, intake air temperature (IAT) sensor, throttle position 
sensor (TPS), and MAP sensor were used. Atmospheric pressure was taken to be 101.325 
kPa. In this case, air is assumed to be an ideal gas with the universal gas constant, R, to 
be taken as 287.05 J/kg-K and a specific heat ratio, γ, of 1.4.   
 All tests for this section were conducted at steady state; therefore, equations (1.1) 
and (1.2) can be solved using the MAF sensor to measure the air mass flow rate, .  More 
data was taken at low throttle positions (<30
o
) because air mass flow rate is highly non-
linear in this region as Figure 2 had shown.  Less refinement was taken at increased 
throttle positions because the air mass flow rate increases only slightly with increasing 
throttle position.  Steady state data was taken at 1000, 2000, 3000, and 4000 RPM.  
Figure 17 shows the resulting effective area throttle map for 1000, 2000, 3000, and 4000 
RPM with throttle position varied as shown.  The effective area increases  with both 
engine speed and throttle positions.  This means that the throttle becomes less of a flow 
restriction as both engine speed and throttle position increase; thus, making transient 
engine effects less prominent in these operation states. 
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Figure 17: Effective area (CDA) coarse map vs. throttle position and engine speed  
 In order for the throttle flow restriction map to be useful in the engine controller, 
equal spacing among data points must be used.  To even out the refinement in the data 
set, a linear curve fit was applied to the effective area with respect to throttle position.  
The data spacing used was every 1 degree. Figure 18 shows the refined throttle flow 
restriction map.  For the purpose of the engine controller, effective area can be linearly 
interpolated for engine speeds in between 1000 and 2000 RPM, 2000 and 3000 RPM, and 
between 3000 and 4000 RPM.  For engine speeds outside of these ranges, linear 
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2-dimensional lookup, throttle position and engine speed, of the effective area can be 
used in conjunction with equations (1.1) and (1.2). 
 
Figure 18: Feed forward effective area (CDA) throttle map vs. throttle position and engine 
speed 
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and transient validation must be performed.  Figure 19 shows how the model calculates 
MAF and how error is calculated for the validation test.  Figure 20 shows a comparison 
of simulated mass air flow using the 2-dimensional effective area lookup table with 
equations (1.1) and (1.2) to measured MAF at 1000, 2000, 3000, and 4000 RPM. For 
each particular case shown, engine speed and load were held constant.  Figure 21 shows 
the error associated with each case, respectively.  For 1000 and 2000 RPM, the model is 
able to predict MAF within 0.05 g/s of the measured signal.  At 3000 and 4000 RPM, the 
model can predict MAF within 0.1 g/s of the measured signal. This shows that the model 
is able to accurately predict the mass air flow into the intake manifold at steady state. 
 
Figure 19: MAF validation test procedure 
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Figure 20: Simulated and measured MAF under steady state conditions for 1000, 2000, 
3000, and 4000 RPM  
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1000 RPM 
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3000 RPM 
 
4000 RPM 
 
 
Figure 21: Calculated MAF error for 1000, 2000, 3000, and 4000 RPM 
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Since engines are dynamic environments, the model must be validated under 
transient conditions as well.  Figure 22 shows the measured and predicted MAF subject 
to a 30 kPa-WOT transient.  The predicted MAF has a faster transient response than that 
of the MAF sensor.  This is because the predicted MAF is calculated directly from the 
current throttle position and engine speed.  Since the MAF sensor is upstream of the 
throttle, any mass air flow change is the result of a throttle position change; thus, 
producing a slower transient response than the predicted value.  For the 1000 and 2000 
RPM cases, there is a significant overshoot in the measured MAF.  The simulated MAF 
does not experience nearly as large of an overshoot because it is based on data from the 
throttle position, which does not overshoot passed WOT.  The result is a more accurate 
estimate on the amount of air entering the intake manifold and consequently, a more 
accurate fuel injection request. 
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1000 RPM
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Figure 22: Simulated and measured MAF subject to 30 kPa to WOT transients for 1000, 
2000, 3000, and 4000 RPM 
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map. Filling and emptying models use the manifold dynamic equation, a first order 
differential equation, which combines the entering and exiting states of the working fluid, 
air, to develop a relationship between the ideal gas law and mass conservation in order to 
calculate instantaneous manifold air pressure.  The derivation is shown in the appendix. 
 The manifold dynamic equation allows the engine controller to calculate 
instantaneous manifold air pressure.  If the manifold air pressure and engine speed are 
known quantities, the mass air flow exiting the intake can be calculated using the 
volumetric efficiency map.  Mass air flow exiting the manifold can be related to a fuel 
injection request  by the stoichiometric AFR, which is 9.87 for E85 fuel.  The filling and 
emptying model accounts for manifold dynamics and allows for more accurate fuel 
injection control because the MAF sensor cannot predict air flow in the intake manifold 
during transient engine events. 
 Table 2 shows the necessary parameters to model the dynamics of the intake 
manifold. The parameter’s units are listed in Table 2, as they would be outputted from a 
sensor, or as a useful engineering unit such as, L and g/s. Some of the parameters are 
known, constant quantities, while others are dependent on the engine operating state.  
Volumetric efficiency, ηv, is determined with a 2-D lookup of MAP and engine speed. 
Mass air flow into the intake manifold,       , is calculated using the flow restriction 
model and through measured quantities of engine speed, throttle spend, and intake air 
temperature. Using a Simulink model, the differential equation, (3.1), can be solved 
numerically for the dependent variable Pim.   
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Table 2: Filling and emptying model parameter description  
Parameter Description Value Units 
Vd 
Total Displacement 
Volume 
1.8 L 
Vim 
Intake Manifold 
Volume 
5.145 L 
R Ideal Gas Constant 287.05 J/kg-K 
Tim 
Intake Air 
Temperature 
Measured oC 
ηv 
Volumetric 
Efficiency 
2-D Lookup Unitless 
Pim 
Manifold Air 
Pressure 
Calculated kPa 
       
Mass Air Flow 
Influx 
Measured/Calculated g/s 
N Engine Speed Measured RPM 
 
 Comparisons of simulated MAP and measured MAP is shown in Figure 23, 
Figure 24, Figure 25, and Figure 26. Relatively close agreement in MAP simulation is 
achieved with some steady state error.  The steady state disagreement is due some error in 
the empirical volumetric efficiency and throttle flow restriction maps.  This error will be 
addressed in the following control model description by using feedback control 
techniques to drive the steady state error to zero.  The transient response of the simulation 
has close agreement at higher engine speeds, 3000 and 4000 RPM, and less agreement at 
1000 and 2000 RPM.  The time constant, τ, of the manifold dynamic equation is 
described in equation (3.2).  The filling and emptying model is a first order 
approximation of the intake manifold and inherently does not capture completely the 
dynamics of the system.  Since engine speed, N, and displacement volume, Vd, are know 
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quantities by either measurement or a specific engine parameter, neither of which could 
cause error in the dynamics of the system.  This leaves volumetric efficiency, ηv, and 
intake manifold volume, Vim, to be the main sources of error for the transient response at 
1000 and 2000 RPM.  It is possible that the intake manifold volume is a source of error 
because the filling and emptying process that occurs may not utilize the entire volume, 
which would cause the actual response of the system to be faster than expected. 
  
    
     
 (3.2) 
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Figure 23: Simulated and measured MAP for throttle transient, 1000 RPM 
 
Figure 24: Simulated and measured MAP for throttle transient, 2000 RPM 
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Figure 25: Simulated and measured MAP for throttle transient, 3000 RPM 
 
Figure 26: Simulated and measured MAP for throttle transient, 4000 RPM 
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3.5. Summary 
 The combination of physical models and empirical data allow for reasonable 
predictions of the behavior of the intake manifold over the engine’s operating regime.  
The throttle model is accurate within 0.05 g/s in predicting mass air flow at engine 
speed’s less than or equal to 2000 RPM and within 0.1 g/s at speeds greater than 2000 
RPM.  The filling and emptying model captures the dynamic behavior of the intake 
manifold, but has some inaccuracy in the steady state prediction.  Steady state error can 
be reduced with the use of control algorithms that will be discussed further in later 
chapters.  The feed forward air prediction algorithm utilizes the throttle and filling and 
emptying models to make air flow estimations in order control air/fuel ratio in the engine.   
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CHAPTER 4: CONTROL ALGORITHM DESCRIPTION AND SOFTWARE 
VALIDATION 
 
4.1. Introduction 
 The control algorithm proposed for transient air prediction combines the physical 
models previously describes with a feed forward time based control strategy. Pressure is 
calculated forward in time with the speed density equation and an Euler approximation 
using a discrete time step.  By predicting MAP several time steps in the future, a better 
control on fuel injection can be achieved during transients.  The number of predictions 
and, consequently, time step size were optimized to reduce air pressure estimation error, 
as well as, minimize the processing time of the embedded controller.  The MVEM 
described in section 2.3 was used to validate the control strategy before implementing the 
software on the engine control unit.  This was done to both debug the software before 
testing on the engine, and determine the required discretization of the Euler solution.  
4.2. Control Algorithm Development 
 The intention of this control software is to better control fuel injection by 
predicting the flow of air exiting the intake manifold.  It will do this by calculating 
forward in time the predicted intake manifold pressure with the filling and emptying 
model and the Euler approximation, where time is the independent variable and manifold 
air pressure, Pim, is the dependent variable.  Figure 27 shows a visual of the air prediction 
software.  The measured inputs to the system are intake air temperature (IAT), engine 
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speed (RPM), throttle position (θthr),  and intake manifold pressure (MAP). To move 
forward in the control algorithm, it assumes that the engine is operating at constant speed, 
intake manifold temperature is constant, and the throttle position is fixed.  It then 
calculates the expected change in intake manifold pressure with Eq. (4.1), the manifold 
dynamic equation. The Euler approximation, Eq. (4.2), is then combined with the 
manifold dynamic equation, yielding Eq. (4.3).  Eq. (4.3) solves for the first estimation of 
intake manifold pressure at a discrete time step, Δt, into the future.  This process is then 
completed in series k number of times, each of which relies on the previous prediction. 
The number of iterations, k, is dependent on the discrete time step.   
 The maximum time into the future the predictor needs to be able to calculate 
intake manifold pressure is 120 ms, which corresponds 2 revolutions of the crankshaft at 
1000 RPM.  To determine the number of iterations, k, 120 ms is divided by the chosen  
discrete time step, Δt which is shown in Eq. (4.4).  Each iteration corresponds to an 
engine speed by translating the rotational velocity of the crankshaft to a time increment it 
takes to complete 1 cycle. For example, it takes 24 ms for 2 revolutions at 5000 RPM, so 
if the discrete time step was 6 ms, the predictor would choose the fourth pressure 
estimate.  The pressure estimate is then used as an input to a volumetric efficiency 
lookup, so the mass air flow entering the cylinder can then be calculated, which allows a 
fuel injection request to be made. 
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Figure 27: Control algorithm methodology 
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 (4.4) 
 In the Simulink control algorithm, the pressure estimates are calculated in series 
and each estimation is placed into a vector of pressure predictions.  The vector is then fed 
into the table data of a dynamic lookup table. The break point data is a fixed vector of 
engine speeds that corresponds to the amount of time into the future a pressure estimate is 
needed.  For this particular study, fuel injection begins 700 degrees before TDC of the 
intake stroke, and the injectors are subject to a Peak-and-hold injection strategy.  The 
duration of fuel injection is determined by engine speed with short durations at low speed 
and longer durations at high speed.  Figure 28 shows visually how the fuel injection 
process works. Since start of fuel injection is fixed at 700
o
 BTDC, an air flow prediction 
of 700o into the future must be made to accurate access the amount of fuel to inject. 
 
Figure 28: Fuel injection schematic 
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4.3. Control Algorithm Calibration and Software Validation 
 The air prediction control strategy uses a discrete time step to estimate the 
manifold air pressure in the future.  The maximum amount of time in the future at which 
a prediction must be made is fixed at minimum engine speed that will experience 
transient engine events.  This study uses 1000 RPM as the minimum engine speed, which 
corresponds to the maximum time step. It takes 120 ms to complete 2 revolutions of the 
crankshaft at 1000 RPM; therefore, 120 ms is the maximum amount of time at which a 
prediction needs to be made.  The discrete time step, Δt, must be adjusted to minimize the 
manifold air pressure estimation error, but should be as large as possible to minimize the 
computation time on the embedded controller.  
 To validate the control software, the MVEM described in section 2.3 was used as 
the plant model.  The inputs to the system are engine speed and throttle position.  Engine 
speed was held fixed for the each analysis.  The varying input to the system was throttle 
position.  Throttle position varied from 5
o
 to WOT. In order to accurately estimate how 
quickly the throttle moves, drive cycle data was used to determine the value of the 
throttle rate limiter.  A rate limiter was used because in simulation a step impulse to the 
throttle position will occur infinitely fast, which does not accurately represent the 
physical system.  A rate limiter can be used to slow the speed at which the throttle moves.  
Figure 29 shows the speed at which a throttle changes during an FTP drive cycle. The 
speed was calculated by a central difference algorithm with throttle position and time as 
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the inputs.  Figure 30 plots how often each throttle speed occurs.  It is evident that the 
throttle is stationary for the majority of the drive cycle. 
 To generate a step input for the throttle position in Simulink, a signal generator 
was used.  A rate limiter must be placed on the step input to slow the input.  To apply a 
rate limiter that simulates that actual rate at which a throttle moves, the FTP cycle throttle 
speed data was used.  Table 3 shows the amount of data captured by a given throttle 
speed rate limiter.  At 3 standard deviations, the throttle speed rate limiter is 43.812 
deg/s. This means that 99.7 % of the time the throttle is traveling less than or equal to 
43.812 deg/s.  The analysis was carried out up to 16 standard deviations to make sure the 
data set was complete. 
 
Figure 29: Throttle speed vs. time for an FTP drive cycle 
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Figure 30: Throttle speed occurences for FTP drive cycle 
Table 3: Amount of data captured by throttle rate limiter 
Throttle Rate Limiter 
(deg/s) 
Data Captured 
(Std. Dev.) 
43.812 3 
58.416 4 
87.624 6 
116.832 8 
233.664 16 
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31 shows the results of four throttle position step changes, 5
o
-90
o
 and 90
o
-5
o
, over a 10 s 
time period for the actual manifold pressure and predicted manifold pressure.  In an 
engine controller a fuel injection request must be made a certain amount of time before 
the intake stroke.  For the purpose of this analysis, fuel injection was taken 700
o
 BTDC of 
the intake stroke. 
 Figure 33 compares making a fuel injection request with the actual MAP versus 
making a fueling decision based on a predicted MAP 700
o
 in advance.  No rate limiter 
was applied to the throttle position change for this case, and the time step was 2.4 ms, 
which corresponds to 50 iterations in the control algorithm.  The predicted MAP is able 
to react to the change in throttle position faster because it accounts for manifold 
dynamics, whereas making fueling request based on the manifold pressure 700
o
 prior 
does not cannot characterize the change as quickly.  Figure 32 shows that the prediction 
software anticipates the intake manifold pressure change because it accounts manifold 
dynamics with the filling and emptying model.   
 A comparison of making a fuel injection request 700
o
 BTDC based on predicted 
MAP and actual MAP is shown in Figure 33. There is some error when making a request 
based on the predicted MAP, but the magnitude is much smaller than that of the MAP 
700
o
 in advance.  Another important trend is that the error decreases substantially faster 
using the prediction algorithm than with no estimation.  The significance of being able to 
predict MAP is that if the engine controller knows MAP 700
o
 in the future, it can 
calculate the mass flow rate of air entering the cylinder when the intake stroke begins 
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with the volumetric efficiency map and the speed density equation, shown in Eq. (4.5). 
This will allow for a more accurate estimate of how much air will be entering the cylinder 
with the intake stroke begins, 700 crank angle degrees later. 
      
        
     
 (4.5) 
 
Figure 31: Comparison of actual MAP to predicted MAP 
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Figure 32: Comparison of actual and predicted MAP for 90
o
-5
o
 throttle transient 
 
Figure 33: MAP prediction error compared to using MAP signal 700
o
 BTDC to make fuel 
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 This error calculation process was repeated for each throttle rate limiter and with 
varying time increment size.  All calculations were conducted at 2000 RPM.  A 
comparison of the predicted MAP for a 2.4 ms and 12 ms time step is displayed in Figure 
34.  The case with the 2.4 ms time step is able provide a more accurate estimate of intake 
manifold pressure than the 12 ms case.  To determine the cumulative error of each case, 
the difference between the actual MAP and predicted MAP integrated to find the total 
error.  This process was repeated for varied time steps, ranging from 0.2 ms to 12 ms, and 
for throttle rate limiters shown in Table 3.    
Figure 35 shows the results of the iterative error calculation process.  All of the results 
were normalized to the error with no prediction algorithm.  The time step, Δt, has a strong 
affect on the error of the prediction software at large time steps, Δt > 9ms, but has less of 
an effect with reduced time steps.  This means that there is not much of an advantage of 
performing more predictions.  Error also increases as throttle speed increases.  A slower 
throttle induces slower changes in MAP, which is easier for the control algorithm to 
predict.  As long as the time step is less than 9 ms, the prediction software can provide a 
more accurate estimate of MAP for any throttle speed.  It is important to choose as large 
of time step as possible because this control software is intended to be put on an 
embedded engine control module.  The embedded controller must be able to compute all 
of the control functions in the duration of one clock cycle, which means every function 
written on the controller should be optimized to reduce the computation time.  Table 4 
shows the correspondence between the number of series calculations performed in the 
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control algorithm and the time step, Δt.  For this project, reducing the number of series 
calculation, or iterations, is the ideal way to minimize computation time. 
 
Figure 34: Comparison of predicted MAP to actual MAP over a 90
o
-5
o
 throttle transient 
with varied time steps of 12 ms and 2.4 ms 
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Figure 35: MAP prediction error with varied time step size and throttle rate limiting 
compared to no prediction software to make fuel injection request 700
o
 BTDC 
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4.4. Summary 
 The feed forward air prediction control algorithm proposed is able to provide a 
more accurate estimate of MAP, thus a more accurate estimate of volumetric efficiency.  
Volumetric efficiency can then be used to predict mass air flow entering the cylinder with 
the speed density equation; therefore, the use of this control software has proven in 
simulation that the engine will be able to better manage fuel injection during transients.  
This will provide more precise control on AFR, which improve emissions and torque 
response of the engine.   
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CHAPTER 5: HARDWARE VALIDATION 
 
5.1. Introduction 
 The transient air prediction control algorithm showed promising results in 
software validation.  The software was able to anticipate changes in intake manifold 
pressure with the use of a feed forward algorithm and the manifold dynamic equation.  It 
was found that as long as the time a discrete time step, Δt, is less than 9 ms, then the 
prediction software is able to provide a more accurate estimate of mass air flow exiting 
the intake manifold compared to using the MAF sensor.  This chapter will discuss the 
results of the air prediction software on the 1.8 L engine.  The software was implemented 
on the engine control module.  Appendix B shows the Simulink code used to write the 
software on the engine controller.   
5.2. Base Algorithm 
 The test plan to validate the control software is to input throttle transients to the 
engine and measure air/fuel ratio with two types of open loop fuel control.  The first is by 
using the MAF sensor to make fueling decisions, and the second is by using my control 
software to predict volumetric efficiency with pressure estimates, then using the speed 
density equation to calculate mass air flow into the cylinder.  This test is then performed 
over a range of engine speeds to validate the controller across the entire operating regime 
of the engine.  Closed loop fuel control was engaged for the tests conducted to obtain a 
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true representation of the AFR that would occur during a throttle transient test.  The 
software must be able to anticipate a manifold pressure change fast enough to control 
AFR during the transient, as well as, settle to steady state once the transient is completed.  
AFR can be measured using pre-CAT UEGO sensor.  Reference section 2.1 for a 
description of the engine’s measuring devices and locations of the instrumentation.  The 
controller uses an empirical throttle effective area, CdA, map to estimate mass air flow 
into the intake manifold.  It uses an empirical volumetric efficiency map to estimate mass 
air flow exiting the intake manifold. Reference sections 1.3.2 and 3.2 for descriptions of 
the volumetric efficiency and effective area maps, respectively.  The control software was 
implemented on the engine control module with a 6.0 ms time increment, which 
corresponds to 20 series calculation of intake manifold pressure.  This step size is 
sufficient enough to capture the dynamics of the intake manifold, which was determined 
in section 4.3. 
 An initial test of the software was conducted as follows.  The engine speed was 
held constant at 2000 RPM and two throttle transients were performed over a 30 second 
time period.  Throttle position was changed from 10
o
-20
o
 and then back to 10
o
.  The 
actual and predicted MAP traces are plotted in Figure 36.  The MAP predictor was able 
to capture the dynamics of the system very well, but the steady state value did not match 
that of the measured MAP.  This is due to error in the empirical VE and CdA maps.  This 
error had a strong effect on the Fuel/Air equivalence ratio.  Figure 37 and Figure 38 show 
the resulting equivalence ratio for the throttle transient using both the MAF sensor and 
MAP predictor to control fuel injection.  The MAF sensor was able to better control AFR 
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in this case with a maximum deviation from stoichiometry of 7.3% compared to 15.5 % 
with the air prediction software.  This test was repeated for several other engine speeds 
and similar results were yielded.  The prediction algorithm was intended to better control 
AFR, but it did not successfully accomplish this task.  This is likely due to error in the 
volumetric efficiency and effective area lookup tables.  A new strategy to account for 
error in these tables must be studied. 
 
Figure 36: Actual and predicted MAP for 10
o
-20
o
 throttle transient, at 2000 RPM 
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Figure 37: F/A Equivalence ratio for 10
o
-20
o
 throttle transient with MAF sensor control 
 
Figure 38: F/A Equivalence ratio for 10
o
-20
o
 throttle transient with predictive control 
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5.3. Base Algorithm with Adaptive Parameters 
 Adjustments were made on the base algorithm to account for potential error in the 
volumetric efficiency and effective area maps.  This was done with feedback in the 
control strategy.  A comparator was put in place to check the error between predicted and 
actual MAP.  To correct predicted MAP, proportional and integral multipliers looking at 
the current and cumulative error were put in place to make predicted MAP equal to the 
actual MAP.  This adaptive strategy is intended to eliminate steady state error between 
actual and predicted MAP. Figure 39 shows the adaption strategy for predicted MAP. In a 
similar manner, the adaptation process was then applied to the calculation of mass air 
flow exiting the intake manifold, ultimately the value that determines the amount of fuel 
to inject.  Adjusting the calculated mass air flow into the cylinder allows the volumetric 
efficiency map to be adaptive by looking at the error between measured MAF and 
calculated MAF at steady state. 
 
Figure 39: MAP prediction steady state adaptation methodology 
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 The test plan for the adaptive control algorithm is similar to the previously 
described test.  Engine speed is held constant and two throttle transients were performed 
over a 30 second time period.  For the case shown, throttle position was varied from 20
o
-
WOT and then back to 20
o
, while engine speed was fixed at 1500 RPM.  Figure 40 shows 
the actual and predicted MAP traces.  The adaptive control strategy works to reduce the 
error between predicted MAP and actual MAP once throttle position is changed to WOT 
and also when throttle position is changed back to 20
o
.  
 Figure 41 indicates that the predicted MAP is never in agreement with that of the 
measured MAP.  At the time of the positive throttle transient, the correction factor 
decreases then slowly increases so predicted and actual MAP match.  Similarly during the 
negative throttle transient, the correction factor spikes above 1.0 and then slowly 
decreases to achieve steady state agreement.  Figure 42 and Figure 43 show the resulting 
fuel/air equivalence ratio when fuel injection is controlled by MAF or the prediction 
software, respectively.  MAF based control is able to limit the maximum deviation of 
equivalence ratio from stoichiometry to 15.8 %, while the prediction software 
experiences a maximum deviation of 28.3 %.  Since the correction factor is working to 
reduce the predicted MAP before the transient, and then MAP suddenly increases due to 
the throttle opening, the equivalence ratio spikes lean by 28.3 %, which is shown in 
Figure 43.  Similarly, while the predicted MAP correction factor is increasing, the throttle 
position decreases back to 20
o
, which causes a rich spike in the equivalence ratio.  The 
disagreement between steady state values of MAP causes an increased error in the 
prediction software at the time of the transient.  This counterproductive for what the 
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software is intended to do.  Error in empirical lookup tables is causing the predictive 
control software to perform worse in AFR control than by using the MAF sensor.   
 
Figure 40: Actual and predicted MAP for 20
o
-WOT throttle transient, at 1500 RPM 
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Figure 41: Predicted MAP adaptive multiplier for 20
o
-WOT, at 1500 RPM 
 
Figure 42: F/A Equivalence ratio for 20
o
-WOT throttle transient with MAF sensor control 
0 5 10 15 20 25 30
0.9
0.92
0.94
0.96
0.98
1
1.02
1.04
Time (s)
P
re
d
ic
te
d
 M
A
P
 A
d
a
p
ti
v
e
 M
u
lt
ip
li
e
r
0 5 10 15 20 25 30
0.8
0.9
1
1.1
1.2
1.3
Time (s)
F
u
e
l/
A
ir
 E
Q
R
Using MAF Sensor
Max Deviation = 15.8 %
 69 
 
Figure 43: F/A Equivalence ratio for 20
o
-WOT throttle transient with predictive control 
 The volumetric efficiency and effective area maps were developed during two 
different sets of tests.  This is likely causing opposing error in the empirical lookup 
tables, which is propagating error in the predictive control strategy.  Climate conditions, 
such as relative humidity and ambient temperature/pressure, could cause differences in 
the calibration of the maps.  The overall engine control strategy was modified between 
the time the volumetric efficiency map and effective area map were created, which also 
could have negative impact the software’s ability to correctly predict MAP. 
5.4. Recalibrated Base Algorithm 
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and volumetric efficiency lookup tables must have opposing error because the two maps 
were developed from different data sets.  To check whether the methodology behind the 
control software is effective, recalibration of volumetric efficiency and effective area 
maps was completed.  There was not enough time to complete a full engine speed sweep 
on the maps, so the data was taken at a single engine speed, 2500 RPM, which is the 
engine speed that the validation tests will be conducted.  At the single engine speed, a 
fine sweep of throttle position was performed to obtain a complete throttle effective area 
map.  The fine sweep on throttle position resulted in a sufficient refinement in a MAP 
based volumetric efficiency map.  Figure 44 and Figure 45 show the recalibrated 
effective area and volumetric efficiency maps. 
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Figure 44: Recalibrated throttle plate effective area, CdA, map 
 
Figure 45: Recalibrated throttle volumetric efficiency map 
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 The test plan for the recalibrated base algorithm is similar to the previously 
described test.  Engine speed is held constant and two throttle transients will take place 
over a 30 second time period.  The control algorithm does not have adaptive parameters 
and uses the recalibrated volumetric efficiency and effective area maps.  For the case 
shown, engine speed was held fixed at 2500 RPM and throttle position was varied from 
10
o
-30
o
 and then back to 10
o
.  Figure 46 shows the 30
o
-10
o
 portion of the validation test.  
This location was shown because it is the location of the maximum deviation from 
stoichiometry in AFR measured from the pre-CAT UEGO sensor for each of the control 
strategies. The air prediction software is able to characterize the dynamics of the intake 
manifold pressure very well.  Predicted MAP has a slightly faster response time than the 
measured signal, which is advantageous in AFR control because the control is able to 
compensate for the sudden pressure change in the intake system by injecting less fuel 
faster.   
 Figure 47 shows the equivalence ratio that resulted during the throttle transient 
validation test.  A maximum deviation from stoichiometry of 25.2 %  for fuel/air 
equivalence ratio resulted. The fast response of the predictive control strategy is reflected 
in the equivalence ratio results shown in Figure 48.  The prediction software was able to 
limit the maximum deviation from stoichiometry for the equivalence ratio to 12.0 %.  
Another advantage of the predictive control strategy is that the time it took for the 
equivalence ratio to settle between +/- 1.0 % of stoichiometry was 1.60 seconds, 
compared to 2.54 seconds with MAF based control.  The prediction software was able to 
provide better control of AFR with the implementation of the recalibrated volumetric 
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efficiency and effective area maps.  Since the prediction software proved effective for the 
case previously described, the test was extended to investigate how well actual MAP 
based fuel control would work, instead of predictive MAP based control.  Figure 49 
shows the resulting fuel/air equivalence ratio for the same test as before with actual MAP 
based control.  The maximum deviation from stoichiometry was 23.8 %, which was 
better than that of the MAF sensor, but worse than the predictive software.  The detailed 
results shown were then repeated for 7 other load cases to validate the software at 2500 
RPM.   
 
Figure 46: Actual and predicted MAP for 30
o
-10
o
 throttle transient, at 2500 RPM 
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Figure 47: F/A Equivalence ratio for 30
o
-10 throttle transient with MAF sensor control 
 
Figure 48: F/A Equivalence ratio for 30
o
-10 throttle transient with predictive control 
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Figure 49: F/A Equivalence ratio for 30
o
-10 throttle transient with MAP sensor control 
 The validation test plan was extended to the load cases shown in Table 5.  For 
each of the cases studied, the prediction software was able reduce the maximum deviation 
from stoichiometry in the fuel/air equivalence ratio, and in most cases, the settling time 
was also reduced.  Larger throttle position changes, resulted in greater error in MAF, 
actual MAP, and predictive control, which was expected.  Figure 50 shows a comparison  
of maximum deviation from stoichiometry for fuel/air equivalence ratio for MAF, actual 
MAP, and predictive control. The predictive control strategy was able to provide 
substantially better control of AFR for all 8 load cases. Figure 51 shows that the 
predictive control strategy is able to provide a faster settling time of equivalence ratio for 
4 of the 8 load cases.  The feed forward control algorithm is able to improve AFR control 
for each of the load cases studied. Better AFR control will reduce tailpipe emissions 
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because the catalyst is more effective when AFR is maintained at stoichiometry.  The test 
plan will be extended beyond just 2500 RPM in future work. 
Table 5: Validation results for each load case with engine speed fixed at 2500 RPM 
2500 RPM
Load Case Start End MAF MAP Prediction MAF MAP Prediction
1 5 10 9.9 10.9 9.5 1.45 2.00 1.52
2 10 15 10.1 10.6 8.0 2.14 1.52 1.73
3 10 20 19.9 17.8 9.6 2.07 2.21 1.18
4 10 30 25.2 23.8 12.0 1.78 2.56 1.60
5 10 100 31.7 30.3 19.0 2.93 2.56 2.69
6 20 30 11.0 10.2 5.6 0.79 0.41 0.73
7 20 50 16.6 14.4 6.9 1.21 1.18 0.82
8 20 100 23.7 22.5 14.0 1.24 1.45 1.33
Throttle Position (%)
Maximum Deviation from Stoich. 
(%)
Settling Time (s)
 
 
Figure 50: Bar graph of maximum deviation from stoichiometry for F/A equivalence ratio 
for MAF and predictive control strategies 
1 2 3 4 5 6 7 8
0
5
10
15
20
25
30
35
40
45
Load Case
M
a
x
im
u
m
 D
e
v
ia
ti
o
n
 f
ro
m
 S
to
ic
h
io
m
e
tr
y
 (
%
)
 
 
MAF Sensor
MAP Sensor
Prediction Controller
 77 
 
 
Figure 51: Bar graph of F/A equivalence ratio settling time to +/- 1% stoichiometry for 
MAF and predictive control strategies 
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implemented to adapt the maps in real time also proved unsuccessful.  This did not work 
because opposing error in each of the maps caused large AFR spikes during transients.  
To ensure the control strategy methodology would work in principle, effective area and 
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at that speed.  The control algorithm with the recalibrated maps was able to reduce AFR 
spikes and settling time during transient engine events.  Reduction in AFR spikes and 
settling time will reduce undesired tailpipe emissions.  
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CHAPTER 6: FUTURE WORK AND CONCLUSION 
  
 The filling and emptying model combined with the Euler approximation was able 
to provide a feed forward air prediction strategy for the engine control module.  The air 
estimation algorithm allowed for more accurate air/fuel ratio control specifically during 
transient engine operating conditions.  AFR ratio spikes were reduced for each load case 
studied, and the amount of time it took the AFR to settle back to stoichiometry was also 
reduced. This will allow for more accurate fuel control.  Better control of AFR will 
optimize the three-way catalyst’s ability to oxidize or reduce harmful exhaust gases 
produced by the engine.   
 The test plan must be extended to more engine speeds and throttle transients load 
cases, but the preliminary testing proves promising. To complete testing, volumetric 
efficiency and effective area, CDA, maps will need to be recalibrated for the engine’s 
operating range. Once these maps are created, an adaptive control strategy will be 
investigated to account for variances in day-to-day operation. 
 In conclusion, a feed forward fuel control algorithm was created to maintain a 
stoichiometric AFR during transient engine operation.  The control algorithm was 
validated at 2500 RPM during dynamometer testing by measuring AFR with the PreCAT 
UEGO sensor.  Exhaust gas emissions species will be measured to ensure the control 
algorithm minimizes harmful tailpipe emissions, which will assist in the success of the 
Ohio State EcoCAR team . 
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 My future plans include graduate school at The Ohio State University to pursue a 
Masters Degree in Mechanical Engineering.  I plan to study advanced topics in the fields 
of automotive engineering, controls, and mechanical design. 
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CHAPTER 8:APPENDIX 
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Appendix A: Filling and Emptying Model Derivation 
Applying the ideal gas law to the intake manifold, 
                 (8.1) 
 
Differentiating equation (8.1),  
    
  
    
    
  
          
    
  
        
  
  
 (8.2) 
 
Assuming Vim is constant  and temperature slowly changes yields, 
    
  
          
    
  
 (8.3) 
 
Applying conservation of mass with the intake manifold as a control volume, 
    
  
           (8.4) 
 
Substituting (8.4) into (8.3), 
    
  
                      (8.5) 
 
From (8.1), 
    
      
      
 (8.6) 
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Substituting (8.6) into (8.5),  
          
   
      
    
  
 (8.7) 
From equation (1.3), 
     
         
 
 (8.8) 
Substituting (8.8) into (8.7) and rearranging, 
    
  
 
      
   
       
   
    
    (8.9) 
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Appendix B: Simulink engine control map 
 
Figure 52: Signal path for engine control model 
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Figure 53: Virtual sensor calculations, preprocessing for controller model 
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Figure 54: Raw indexes subsystem, location of transient air prediction software 
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Figure 55: Transient air prediction model subsystem 
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Figure 56: Steady state engine operation subsystem 
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Figure 57: MAP estimation algorithm subsystem 
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Figure 58: Choked or unchoked flow selection subsystem 
 
Figure 59: Choked mass air flow subsystem 
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Figure 60: Unchoked mass air flow subsystem 
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Figure 61: Series MAP estimation algorithm 
 
Figure 62: MAP estimate selection model 
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Figure 63: PI-Controller for steady state MAP estimation error 
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Figure 64: MAP-Referenced speed density air calculation 
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Figure 65: VE corrected mass air flow model 
 
 
 
